Spin Transition in the Half-Filled Landau Level 
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The transition from partial to complete spin polarization of two-dimensional electrons at half filling 
of the lowest Landau level has been studied using resistively-detected nuclear magnetic resonance 
(RDNMR). The nuclear spin-lattice relaxation time is observed to be density independent in the 
partially polarized phase but to increase sharply at the transition to full polarization. At low 
temperatures the RDNMR signal exhibits a strong maximum near the critical density. 



In an ordinary itinerant ferromagnet like iron, electron- 
electron interactions are responsible for the transition 
from the paramagnetic to ferromagnetic state. Similarly, 
a two-dimensional electron system (2DES) at zero mag- 
netic field is expected to fcrromagnetically order at suffi- 
ciently low density n s where interactions dominate over 
kinetic effects. At high perpendicular magnetic field B 
the kinetic energy spectrum of a 2DES is resolved into 
discrete Landau levels and the importance of electron- 
electron interactions is vastly enhanced. Interactions then 
lead to both ferromagnetic and spin unpolarized phases, 
depending upon the Landau level filling factor v = 
hn s /eB and the spin Zeeman energy Ez = gp-sB. For ex- 
ample, in the quantized Hall effect (QBE) states at v = 1 
and 1/3 in the lowest Landau level, the ground state of 
the 2DES is ferromagnetically ordered, even in the limit 
of zero Zeeman energy. Remarkably, in the same limit 
the ground states at v — 2/3 and 2/5 are unpolarized 
spin singlets 

The situation is less clear at filling factors v where no 
QHE exists. Most important among these is the half- 
filled Landau level, v = 1/2. Numerical exact diagonal- 
ization calculations, so effective at incompressible filling 
factors like v = 1/3, cannot yet definitively determine the 
spin polarization of the compressible v = 1/2 system^. 
Composite fermion (CF) theory maps the real electron 
system at v = 1/2 onto a system of CFs (electrons with 
two fictitious flux quanta attached) [|[ . At the mean field 
level the CFs experience zero effective magnetic field and 
display a Fermi surface^, In this approximation, 
the system is a Pauli paramagnet whose spin polariza- 
tion is set by the ratio Ez/Ep of the Zeeman energy 
to the CF Fermi energy. Only if Ez > Ep is the sys- 
tem fully polarized. This simple scenario has received 
qualitative support from several experiments which have 
demonstrated that the spin polarization at v = 1/2 is 
incomplete at low magnetic field and that some kind 
of transition to complete polarization occurs at higher 
field 0,0, i& MM Cl- 
in this paper we report the results of a careful study of 
the transition to complete spin polarization at v = 1/2 
as a function of density n s in a single layer 2DES. 



The method of resistively-detected nuclear magnetic res- 
onance (RDNMR) [H is used to measure both the nu- 
clear spin-lattice relaxation time T\ and the derivative 
dpxx/dEz of the 2DES resistivity with respect to Zee- 
man energy. Significant deviations from the simplest CF 
theory are evident in both of these observables. 

The sample used here is a GaAs/AlGaAs heterojunc- 
tion, modulation-doped with Si. A 2DES, with an 
as-grown density of n s ~ 1.3 x 10 11 cm~ 2 and low- 
temperature mobility p, « 5 X 10 6 cm 2 /Vs lies 600 nm be- 
low the sample surface. The 2DES is laterally patterned 
into a 500 pm wide Hall-bar geometry and is covered 
by an Al metal gate. Using the gate n s may be reduced 
to below 0.3 x 10 11 cm~ 2 where the mobility is about 
1 x 10 6 cm 2 /Vs. An 8-turn NMR coil is wound around 
the sample for applying radio-frequency (RF) magnetic 
fields Hi parallel to the long axis of the Hall bar. Large 
static magnetic fields are applied perpendicular to the 
2DES plane. The RF fields are estimated to be in the 
Hi ~ 0.1 pT range, much less than the typical nuclear 
dipolar fields Hd ~ 100 pT. The electron temperatures 
quoted here are corrected for heating due to the RF field. 
The small, but readily measurable, temperature depen- 
dence of the 2DES resistivity at v — 1/2 allows for an 
accurate calibration of the heating effect. 

The RDNMR technique relies on the hyperfine inter- 
action. A finite nuclear spin polarization £jv creates an 
effective magnetic field Bm which modifies the electronic 
Zeeman energy: Ez = gps{B + Bn). For electrons in 
GaAs, where g = —0.44, Bn = -5.3 T if all three spin- 
3/2 nuclear species ( 69 Ga, 71 Ga, and 75 As) are fully 
polarized 14| . Reduction of the nuclear polarization, via 
NMR excitation, increases Ez and will alter the 2DES 
resistivity if dp xx /dEz 0. 

Low temperature magneto-transport measurements on 
this sample reveal the integer and fractional QHE states 
{e.g. aXv— 1/3, 2/5, etc.) typically found in other 2DES 
samples of comparable mobility. Figure la shows that the 
longitudinal resistivity p xx at v = 1/2 increases steadily 
as n s (and thus the magnetic field where v — 1/2) is re- 
duced. This is expected since the random disorder poten- 
tial remains fixed. At the lowest density p xx ~ 0Ah/e 2 . 
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FIG. 1: a) Resistivity at v = 1/2 versus magnetic field at T 
= 45 mK. b) Typical response of resistivity at v — 1/2 when 
RF frequency is brought on and off resonance with the 75 As 
NMR line, c) Typical RDNMR lineshape. d) Temperature 
dependence of RDNMR signal at peak of line at v = 1/2 and 
B = 4.01 T. 



The data in Fig. la offer no hint of any transition in- 
volving the spin degree of freedom. 

Figure lb shows a typical response of the resistivity 
at v = 1/2 to the application of an RF magnetic field 
tuned to the 75 As NMR line. Prior to time U the RF 
field is on, but set to a frequency 47 kHz below the 
NMR line, here at 32.747 MHz. The nuclear spin po- 
larization is at its thermal equilibrium value. At time 
ti the RF frequency is brought onto resonance and the 
nuclear spin polarization begins to fall. Simultaneously, 
the resistivity p xx begins to increase and approach a sat- 
uration value. Both the rate of increase and the satu- 
ration value are RF power dependent. At time tf the 
RF frequency is returned to its off-resonance value and 
p xx decays back to its equilibrium value. Both the rise 
and the fall of the RDNMR signal are exponential in 
time. According to the Bloch equations [TEj. the rise and 
fall times are r rise = Ti/(1 + u^TiT^) and Tf a u = T\, 
with lur oc H\ the Rabi frequency, Ti the nuclear spin- 
lattice relaxation time, and Ti the nuclear spin dephasing 
time. The rise and fall times also determine the fractional 
change of the nuclear spin polarization of 75 As induced 
by the RF: A(;n/£,n = T r i se /Tf a a — 1. The fractional 
change in nuclear polarization was kept roughly constant 
at A£ N /£ N S3 -0.47. 

Figure lc shows the amplitude of the RDNMR signal, 
Ap xx , versus frequency for the 75 As NMR line. The main 
peak is asymmetric and roughly 5 kHz wide. The satel- 
lite peaks are due to quadrupole splitting. The width and 
asymmetry of the main peak are most likely due to vari- 
ation of the Knight shift associated with the shape of the 
electronic wavefunction perpendicular to the 2DES plane. 
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FIG. 2: a) Derivative S = (dp xx /dEz)/ p X x vs. magnetic field 
at v = 1/2 at T = 45 mK (solid dots) and 100 mK (open 
dots), b) Nuclear spin-lattice relaxation time Ti vs. field at 
v = 1/2 at the same temperatures. 



Nuclei near the peak in the wavefunction experience a 
larger Knight shift and a shorter T\ time than those in 
the tails. In the following, all RDNMR data shown were 
taken at the peak of the 75 As NMR line. 

Finally, Fig. Id shows a typical temperature depen- 
dence of the RDNMR signal at v = 1/2. These data, 
taken at B — 4.0 T, reflect both the equilibrium nuclear 
polarization, £/v ~ B/T, and the temperature depen- 
dence of the derivative dp xx /dEz of the 2DES. 

Figure 2 contains our most important results. Figure 
2a displays (dp xx /dEz)/pxx versus magnetic field (and 
thus density) at v = 1/2 at two temperatures: T = 45 
mK and 100 mK. These data were obtained by dividing 
the observed NMR-induced changes in resistivity Ap xx 
by the concomitant change AEz in the Zeeman energy. 
AEz was computed from the fractional change in the 
nuclear polarization A£jv /£,n deduced from the measured 
T r i se and Tf a u of the RDNMR signal and the known 14 
hypcrfine parameters and equilibrium polarization £jv of 
75 As. The T = 45 mK data show a dramatic transition 
from a low field (and density) regime where dp xx /dEz 
is substantial to a high field regime where it essentially 
vanishes. A strong peak is apparent in dp xx /dEz in the 
transition region. The T = 100 mK data show a similar 
transition, albeit substantially smeared out. 

Figure 2b displays the field/density dependence of the 
Ti time at v — 1/2. A clear transition is again observed. 
At low fields and densities Ti is relatively short and den- 
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FIG. 3: Temperature dependence of Tj -1 at v — 1/2. The 
solid lines are straight line and parabolic fits to the data, 
with the dashed portions being extrapolations to T = 0. 



sity independent. Above a critical field, however, T\ be- 
gins to rise rapidly. At T = 45 mK this rise is more 
pronounced than at 100 mK. Figure 3 shows the temper- 
ature dependence of Tf 1 at B » 3.0, 4.0, 5.0, and 6.4 T, 
corresponding to densities of n s = 0.36, 0.48, 0.60, and 
0.78 xlO 11 cm" 2 . The figure shows that nuclear spin- 
lattice relaxation rate Tj -1 at v = 1/2 is linear in temper- 
ature, Tj~ = aT + (3, and independent of magnetic field 
and density up to about B — 5 T. At higher fields and 
densities the temperature dependence of becomes 
non-linear. At B = 6.4 T the dependence is essentially 
quadratic, albeit with an offset in the zero temperature 
limit comparable to the offset /3 seen at lower density. 

The data in Fig. 2a strongly suggest that the 2DES 
at v = 1/2 undergoes a transition from partial spin po- 
larization at low density and magnetic field to complete 
polarization at high density and field. If the 2DES is fully 
spin polarized, increasing Ez, via NMR, cannot further 
increase the polarization. No effect on the resistivity p xx 
would be expected. The collapse of the RDNMR signal 
at high magnetic field is consistent with this. Conversely, 
if the 2DES spin polarization is incomplete, an NMR- 
induced increase of the Zeeman energy will increase the 
electronic polarization and a change in the resistivity can 
be expected. Our data demonstrate that dp xx /dEz > 
in the low field, partially polarized regime [16j. 

Figures 2b and 3 provide strong independent support 
for a spin transition. At low fields and densities T\ is rel- 
atively short and possesses a Korringa-like temperature 
dependence. Since the nuclear Larmor energy is negli- 
gible (~ 40 MHz as 2 mK), hyperfine-assisted nuclear 
spin flops can only occur if essentially zero energy elec- 
tron spin flips are possible. As in ordinary metals, these 
facts imply that the Fermi level of the 2DES lies in both 
spin branches simultaneously; i.e. the 2DES is at most 
partially spin polarized, even at T = 17J. Above about 
B = 5 T however, T\ rises rapidly and assumes a non- 



Korringa temperature dependence. The Zeeman energy 
now exceeds the Fermi energy. At T = the 2DES would 
be fully spin polarized and exhibit an extremely long T± , 
likely dominated by non-electronic processes. Consistent 
with our observations, at non-zero temperature both par- 
tial spin polarization and a finite T\ will persist with in- 
creasing density until Ez — Ep » ksT. 

A qualitative model of the spin polarization transi- 
tion at v = 1/2 follows from CF theory [H, [lij]. In mean 
field approximation there will be two Fermi surfaces, one 
for each CF spin species, provided that Ez is less than 
the majority spin Fermi energy. Assuming the bands are 
parabolic and defined by a single effective mass param- 
eter rriQp, the spin polarization £cf = (nj — ni)/n s 
is just £cf = \g\fn'cFl m 0j where too is the mass of a 
bare electron. This formula follows from the fact that 
both Ez and the total electron density at v = 1/2, 
n s = eB/2h, are proportional to the magnetic field B. 
Thus, if m* CF /m < l/\g\ « 2.3 the 2DES will be par- 
tially spin polarized. Since m* CF is presumed to scale with 
field as m* CF oc B 1 / 2 , partial spin polarization persists 
only up to a critical field (or density) beyond which the 
2DES is fully polarized. Figure 2 suggests that the mid- 
point of this transition is around B = 6 T, suggesting 
m* CF /mo w 0.9J3 1 / 2 , somewhat larger than the theoreti- 
cal value m* CF /mQ w 0.6.B 1 / 2 given by Park and Jainfljj]. 

Despite the ready ability of this simplest CF theory 
to explain the existence of a spin transition at v = 1/2, 
it fails to fully account for our observations. For exam- 
ple, in this theory the nuclear spin-lattice relaxation rate 
T^ 1 in the partially polarized phase should follow a 2D 
version of the Korringa law commonplace in ordinary 
metals [13]. Indeed, the linear temperature dependence of 
Tj -1 shown in Fig. 2a is consistent with this (the offset 
P arises, in part, from finite temperature corrections to 
the 2D Korringa law 1 1911 but almost certainly also from 
nuclear spin diffusion [20j). In ordinary metals T\ is in- 
versely proportional to the square of the density of states 
at the Fermi level. In the present v = 1/2 CF case this 
implies T\ oc {m* CF )~ 2 oc B^ 1 . Figs. 2a and 3 clearly 
show that this dependence is not observed, with T\ being 
independent of magnetic field in the partially polarized 
phase. Of course, the Korringa rate also depends upon 
the shape of the 2DES subband wavefunction and this 
becomes 'thinner and taller' as the density is increased. 
As the wavefunction thins, the Coulomb interaction be- 
tween electrons is modified. Interestingly however, since 
the filling factor is fixed at v = 1/2, the decreasing mag- 
netic length £ overcompensates for the thinning effect and 
the net result is a relative softening of the repulsion be- 
tween electrons 21 1. This enhances m* CF beyond J3 1 / 2 and 
forces the theoretical T\ to fall faster than B^ 1 . In addi- 
tion, as the wavefunction becomes taller with increasing 
density, the hyperfine matrix elements increase and fur- 
ther suppress T±. Hence, these finite thickness effects (22j 
only worsen the comparison between the observed T\ and 
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CF theory. 

The simple model of the CF spin polarization pre- 
sented above also does not explain the strong peak in 
dpxx/dEz near the critical density. However, the simi- 
larity between CFs at v = 1/2 and ordinary 2D electrons 
at zero (perpendicular) magnetic field may offer clues 
to its origin. In that case spin polarization can be in- 
duced without Landau quantization by applying a strong 
magnetic field Btt parallel to the 2D plane. Das Sarma 
and Hwang[23] have calculated the magneto-resistance 
Pxx (B\ | ) under the assumption that the resistivity is dom- 
inated by screened impurity scattering. In their theory 
Pxx{B\\) rises by a density-dependent factor as B\\ in- 
creases and the 2DES spin polarizes. Once fully polar- 
ized pxx becomes independent of B\\ in thin 2D systems. 
Interestingly, the derivative dp xx /dB\\, which is propor- 
tional to dpxx/dEz in thin 2D systems, exhibits a peak 
near the critical field at low temperatures. Numerous ex- 
periments (e.g. on 2D electrons Si[13| and 2D holes in 
GaAsfiH, [la]) have observed behavior qualitatively like 
this, although there is wide variation in the magnitude 
of the resistance change and the peak in dp X x/dB\\ is 
generally quite broad. Although this suggests that the 
peak in dp xx /dEz we observe at v = 1/2 might result 
from physics similar to that which governs the in-plane 
magneto-resistance of ordinary 2D electrons, the analogy 
remains speculative since there is as yet no transport the- 
ory of partially polarized CFs. Indeed, even the sign of 
the RDNMR signal that we observe at v — 1/2 has yet 
to be understood. 

An alternative, if still more speculative, possibility is 
that the peak in dp xx /dEz is an indication that the tran- 
sition to full spin polarization at v = 1/2 is weakly first- 
order and that near the critical point the 2DES phase sep- 
arates into domains of partial and complete spin polariza- 
tion. Static fluctuations in the 2DES density (due to the 
random donor distribution) would encourage such phase 
separation and, in analogy to exchange-driven ferromag- 
netism, residual interactions between the CFs might force 
the spin polarization to jump discontinuously[27] from 
£cf < 1 to £cf — 1 at the domain walls. Our results im- 
ply that an NMR-induced increase of the Zeeman energy 
would both increase the resistivity of the partially polar- 
ized regions and move the domain walls so as to reduce 
the size of such regions. While the former effect can pro- 
duce a RDNMR signal even in a homogeneous partially 
polarized 2DES, domain wall rearrangement will create 
an independent contribution to the RDNMR response 
only in a phase-separated system near the critical point. 
This contribution could explain the peak in dp xx / dEz- 

In conclusion, we have used RDNMR to study the spin 
polarization transition in a 2DES at v = 1/2. A simple 
model of non-interacting composite fermions fails to ex- 
plain the behavior of the nuclear T\ and the derivative 
dpxx/dEz of the 2DES resistivity with respect to Zeeman 



energy near the critical point. 
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